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ABSTRACT 

Part C presents a theoretical Investigation of high- 

performance ship-stabilization systems, principally systems 

using U-tube tanks.    Starting from the results of Part A, 

and using standard servo methods, we proceed to find systems 

with greater and greater effectiveness  (for a given capacity) „ 

It appears that tank systems using inertia effects, may be 

as rapid In response as any other known stabilization systems o 

The results indicate that as long as the system's capacity 

is not exceeded. It should be possible to achieve greater 

than 90% stabilization.   The three factors in ship stabiliza- 

tion:    regulated elements| regulating elements| and the input, 

are discussed in turn, using appropriate servo methods and 

concepts • 

This part of the report provides considerable grounds 

for believing that high-performance stabilization systems using 

tanks  (and presumably other devices) can be achieved.    It shows 

rational techniques by which such stabilization systems may be 

designed, and indirectly it emphasizes the inherent difficulties 

In design procedures which do not utilize servo techniques. 
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le INTRODUCTION 

This is the third part of a four-part report, presenting 

the results of shlp-stabillzatlon research undertaken at 

Stanford University under the auspices of the Office of Naval 

Research and the Office of Air Researcho Each of these parts 

treats a more or less distinct step In the research process, 

according to the following schemes 

THE ANTI-BOLL STABILIZATION OF SHIPS 

B7 MEANS OF ACTIVATED TANKS 

Part A — Formulation of Problem and Basic Theory 

Part B ~ Verification of Basic Theory by Model System Tests 

Part C — Synthesis of High-Performance Systems 

Part D — Preliminary Considerations In the Design of 
Full-Ccale Installations 

The development of a linearized theory has been shown 

In Part A, and the evaluation of this theory shown In Part B» 

Part C is concerned with the design of high-performance shlp- 

stabillzatlon systems« The function of Part C, as the function 

of the whole research, is twofoldo In the first place, it 

represents an attempt to find what the possibilities of sta- 

bilization using tanks may be, and how these possibilities 

may be achieved« It is also intended to demonstrate a general 

approach to the design of any ship-stabilization systemg namely 

the general approach of modern servo theory« 

uaSaj^^^ 
.>■ .'^ 
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In this problem, as in any other synthesis problem, there 

is no "absolutely perfect" solution. Nevertheless, the work 

that is recorded in this part of the report can be considered 

a search for, and an approach to, a system with optimum per- 

formance. As before, the methods and nomenclature used are 

rather similar to those of Brown and Campbell in Principles of 

Servomechanisms (New York« Wiley, 19^8), the principal empha- 

sis being on the frequency-response approach and adjustment of 

the loop-transfer locus on the complex plane. 

This is a mathematical, paper study, the results of which 

cannot be verified by the very non-optimum experimental appar- 

atus available at Stanford, Attention has been confined to 

fundamental questions, which provide plenty of subject matter 

in any event, and do not require an untoward extrapolation of 

the basic theory. As this is a mathematical study, only a 

moderate amount of attention is given to the limits (i,e, the 

capacities) of the lesser elements of the system. Only those 

physical limitations which are of first magnitude Importance 

are discussed here. The question of limits is taken up in 

detail in the fourth part of this report, Part D, 

Before the problem can be attacked profitably it must be 

condensed to its simplest and most basic form. This is done 

^ 
.< 
.%•. 

Oppelt, Stetige RegelvorgSnge. and James. Theory of Servo- 
mechanisms, are also followed to some extent. 

- 2 - 
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ID Chapter II, As in the preceding parts of the report, we 

distinguish three factors« (1) regulated elements^ (2) regula- 

ting elementsj and (3) the input. These factors are considered 

in Chapters III, IV, V, respectively. In Chapters III and IV, 

a series of fundamental questions in ship-tank design and in 

control design are studied quantitatively, using the frequency- 

response approach. In Chapter V, the use of waveslope informa- 

tion is discussed in a brief and general way and related to the 

statistical RMS-error approach to servo design. 

- 3 - 
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II.    STATEMENT AHD CONDENSATION OF THE PROBLEM 

A.    Basic Theory From Part A 

We might best begin by bringing forward the theory devel- 

oped in Pare A| i.e, the servo analogy, the servo equations, 

the differential equations  of motion, and the system block 

transfer-responses, B and C,    Recall from Part A that the 

stabilized ship is analogous to the following motion servo- 

mechanism t 

e in 

-fi_ 

-H& 

e out 
B. 

W = waveslope 

© = ship's roll angle 

oc = pump-blade angle 

Figure 1«    Stabilized Ship as a Servomechanism 

A number of servo equations may be derived from Figure 1, 

First, when the controls are operating, one obtains the actively 

stabilized response, which 5n our case might be called the 

Minor sky-stabilized response t 

= -j*0 x g2- = C  (^ B)  = (Frahm stabo) x (Feedback stab,) 

Second, if the control loop should now be opened so that A = 

zero, one has what in our case may very properly be called the 

Frahm-stabilized response8 

- if - 
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e, 
f = "^ x e7" = £^T-) = (Frahm stab«) in 

£ 

A third response may be defined as a standard reference, namely 

the response with the control loop open and the tank duct 

blocked.    This is obviously the unstabilized response: 

? 
= unstabilized response 

blocked duct 

In physical terms, one obtains the standard unstabilized 

response  (as used hereafter) when the tank ducts  of the ship 

are solidly blocked | the Frahm-stabilized response when the 

control loop is open, the pump motors are turning, but the 

tank ducts are not blocked | and the Mlnorsky-stabilized response 

when the pump motors are turning and the control loop is closed. 

Interestingly, the Minorsky (or overall) stabilized response is 

seen to be the product of the Frahm-stabllized response and the 

standard feedback factor for an elementary servo loop. 

As we are interested only in general results, we need 

only the non-dimensional equations of motion.    From Part A, 

these are (in operator notation): 

2 
Ship«   [p2+ 2- + i] e + \[(£-)   + il f = \s ^ 

Tank,   At[(jf-)  + 1] 0 4 \[{^r) + (jf-) ^ + 1]  =X OC 
Sb X tob 

- ß - 
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Where, 

J"I.   = — = relative resonant frequency of tanks 
a. 2 

s t -TL^. = —-  = relative frequency of secondary resonance 
st  0) 

Q = -^— = normalized ship damping factor 
s 

U)tJt Qi = -w  = normalized tank damping factor 

A. = —- = relative tank strength parameter 
s 

ss as  = iT^ = rela"tive wave strength parameter 

tlve pump strength parameter Xp= r= rel8 

P 2 77f = r-   gr I    f = tank water angle 
s I dt 

6 6 -    out _,, « ^   in Remembering that, B =      "    and C = -Sp , It quickly follows 

from the above that, 

\ [ST] X    [TANK] 
 E »  | and £ =  r 5 
[SHIP][TANK]-At[ST]'i [SHIP][TANK]   -/t[ST] 

SHIP-TANK TRANSFER RBSPONSBS 

where by definition, 

2 
For a more complete definition of these equations and 

parameters, see Part A of this report» 

- 6 
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[SHIP]  =    [P^ + §- + 1] 
s _j 

[TANK] = [£j2  * C^) ^ + 1] 

[ST] E [(zf-)2 + 1] 

The exact definition of the control block transfer-response, A, 

is left open for the momentj it will have the general form of a 

gajJi constant, K, times some function of P, 

B« Four Critical Ship-Tank Parameters 

In the paragraphs above, B and £ are written in terms of 

seven non-dimensional parameters. This is less than the origi- 

nal nine dimensional parameters, but still would seem to repre- 

sent an almost prohibitively complex parameter space. Fortu- 
i 

nately, only four of these seven parameters are essential to 

the mathematical treatment of stabilization. Because the 

damping of the ship is small, it has a negligible effect on 

the stabilized performance and may be disregarded (assume Qs = 

Infinity) • Because it is exterior to the whole system and 

simply defines the effective strength of waves, A  may be 

specified equal to unity. Because it acts in series with the 

control system. A, and may be combined with the control gain 

constant, K, Ap may also be specified equal to unity. Note 

that these last two steps do not represent approximations, ; 

but actually have no essential effect on the linearized mathe- 

matics of performance. 

- 7 - 
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This reduces our parameter space to a space of four dimen- 

sions. Mathematically, these parameters are "free variables", 

but actually there are considerations of practicality entirely 

apart from «he mathematics which limit the ranges of some of 

them. There are also economic reasons for making certain 

parameters as large or as small as possible, etc. These criti- 

cal parameters are discussed one by one, below. 

Relative tank strength parameter.A^t For a given motion 

of the fluid in the tanks, the torque on the ship is directly 

proportional to A., For a given shape of the tanks and ducts, 

the per cent weight of water on the ship is also directly pro- 

portional to A .,    Because the static stability of the ship is 

(1 -A^), A*, cannot be allowed to exceed unity, and for safety's 

sake should not exceed say about OoSO, One of the objects of 

this study is to find the smallest A. , and hence the least 

weight of fluid, compatible with the desired stabilization. 

Relative resonant frequency of tanks, -H.*.» As the ship 

is a highly resonant system, it is clear that Sl^  must be 

reasonably close to unity if the tanks are to operate in the 

conventional manner. It is known that for best Frahm stabili- 

zation,-Ti. should be equal to unity. For operation in the 

usual manner, it probably should not range outside the limits, 

1 + 0.30, 

- 8 - 
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Relative frequency of secondary resonance „.TLg^:    This  is 

the relative frequency where the torque exerted by the tanks 

becomes zero and reverses.    For this reason -^-s*. must be above 

unity, say at least 1.5 or greater.    It is possible for/Ist 

to be Infinite or imaginary, but this  involves raising the 

tanks  in the ship and has definite practical limitations«    The 

higher   the tanks are placed  in the ship, the higher the fre- 

quency of secondary resonance, but it will probably not be 

possible to go much beyond -^s*.  = 3«Oo 

Normalized tank damping factor« Q^:   This parameter has 

the greatest free range of all the parameters,    It appears 

possible to design systems with Q^ ranging from about 3,0 to 

0,1, which includes the whole range of mathematical interest. 

We also are not aware of any a priori mathematical arguments 

sufficiently powerful to narrow this range.    It therefore seems 

desirable to begin our study by narrowing the range of practical 

or desirable Qt, which may be done by studying performance as a 

function of this parameter • 

C.    Various Possibilities in Ship-Tank and Control Design 

The following two chapters  consist principally of a series 

of studies  of interesting special systems, each of which Illus- 

trates some fundamental question in the problem of stabiliza- 

tion by tanks.   Chapter III deals principally with ship-tank 

possibilities, and Chapter IV principally with control possi- 

bilities. 

- 9 - 
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Ci=^r-|=   Fralim-damping 
^t -   1.63 
At =0.25 
nt =  1.00 
fist"  ^ 

1 2 3 4 S 
Normalized Frequency 

Figure  5, Open-loop transfer functions B and C  for 

the ideal Frahm-damping case. 
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G - plane 

♦90' 

♦180° 

-180° 

\t " 0-25 

nt - i.oo 

flsf oo 

K    -  0.64 

-90« 

3. .08 

1.16 

Figure ö»  Determination of K using the Nyquist Diagram,  for the 

Ideal Frahm-damping case. 
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Ship-Tank Possibilities 8    We are considering ships with 

one or more sets  of U-tube tanks on board.    If all the tanks  on 

a given ship have the same parameters, and  If all their pump- 

blade angles move together, the system may be treated as  a 

single tank system.    For a single  tank system the totality of 

ship-tank possibilities Is the set of all systems with all 

practical combinations of the four parameters.    That Is,  the 

set of systems occupying all those points  of the four-parameter 

space which may be realized In practice.    It would be undesir- 

able as well as  impossible to study every point of this space. 

It is perhaps more profitable to approach the problem with a 

topological viewpoint, to try to determine    what regions, 

points, parameters, etc, are most critical to performance, 

and then to concentrate on these. 

It is possible to imagine systems in which there are a 

number of U-tube tanks o/ith different parameters, and such 

systems appear to offer opportunity for further performance 

improvement.    Certain very fundamental questions in the theory 

of stabilization by tanks may be illustrated using such diver- 

sified tank systems, as the reader will find in succeeding 

sections• 

Control Possibilitiest    The Minorsky system of "activated 

tank"  stabilization uses an accelerometer to provide the basic 

signal which controls the pump-blade angle.    While accelera- 

tion should Indeed be the principal signal controlling the 

- 10 - 
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blade angle,  it alone cannot provide a stabilizing action at 

zero frequency«    One is naturally led to study the use of sub- 

sidiary signals proportional to velocity and position»    These 

signals, which in a sense are integrals  of acceleration, would 

be used to improve the low-frequency response«   The high- 

frequency response may possibly be improved by certain tank 

arrangements  involving the rational use of secondary resonance, 

and may be further improved by the use of "lead circuits", 

et al.    Finally there is a very interesting possibility in the 

use of "feedahead",    in addition to the conventional "feedback" 

^   See for example, R, E. Graham, "Linear Servo Theory", BSTJ, 
October 19^6, who calls this type of control, feed-forward, 
"Feedahead" was  also mentioned in Part A  (Chapter V, Section A) 
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III.    FREQUENCY-fiESPONSE APPROACH TO SHIP-TANK DESIGN 

This chapter is concerned with the design of high-per- 

formance regulated elements«   We shall systematically study 

the effects of varying  the four critical parameters of the 

single tank system,  and also study the possibilities of various 

diversified tank systems.   To divide the difficulties, the con- 

trol transfer-response will be held standard while we deliber- 

ately vary the ship-tank transfer-responses.    For this chapter 

assume the control system to be an ideal accelerometer in 

series with an ideal amplifier, so that the pump-blade angle  is 

at all times proportional to the roll acceleration of the ship. 

From this  one derives  the following definition for A, 

6 

^  A 
oC e 

-> - KP' 
c?c 

^ | A = ^ = KP2 

Control Block 

Figure 2,    Control Block Transfer-Response 

A.    Outline of Method 

General:    The method used here is essentially identical 

to that given In Brown and Campbell, Chapters 7 and 8.    Having 

assumed a set of ship-tank parameters, we can calculate B and 

C as functions  of P.    We can also calculate the total transfer- 

response around the closed loop, or loop-transfer character- 

istic, K G.    By definition, 

^ 

- 12 - 
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A x B 
KG = A x B   and  G = ^ r " _  —.  —.       _   j^ 

For the control response assumed in this chapter, 

G = AjMB = p2 I B 

Now all that remains is to find the best value for the control 

gain factor« K, for each case« This is done graphically with 

the aid of a Nyquist plot of G (ioe« the locus of G as a func- 

tion of frequency on the complex plane) <, To determine this 

locus P may be defined as complex frequency| where for real 

frequency, p = Jil = j —- 
s 

£0 

Generally, for effective stabilization, K must be as large 

as possible short of the point where transients begin to per- 

sist in the system due to excessive gain. As this point is 

rather critical, K is fixed to all intents and purposes by the 

original choice of parameters and need not be considered a 

free variable in the problem. In all the examples of this 

chapter, ^ will be chosen in accordance with the criterion, 

M = Liagnil'cation ratio =1,3» The magnification ratio is a 

measure 0/ the peaking up rf the response of the stabilized 

system in the vicinity of the most critical frequency, and 

hence a measure of the damping of the system's most critical 

normal mode« 

k 
For a more detailed explanation of this  process see Brown 

and Campbell, Principles of Servomechanlsms, Chapter 60 

- 13 - 
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List of Steps ;    The standard procedure used in all cases 

Is  as follows s 

1, Select the desired ship-tank parameterso 

2, Calculate the  two transfer functions, C   = -jrp  , and B = "^7 

Note that the phase of C is  immaterial, as C  is external to the 

closed loop and the phases  of incoming waves  of different fre- 

quencies are essentially incoherent* 
2 

3«    Calculate  the loop-transfer characteristic, G  -• P x Be 

^f.    Plot G on a Nyquist diagram, and then find the best value 

for K by the criterion M = 1.3« 
6 11 5, Calculate 3— = feedback stabilization = v ■. -p- =  5- 
ein 1+^ S      1+KP2B 

6 in 6 1 6, Calculate 2 = overall stabilization = -#- |— = C  (v^. B) . 
T r       in — — 

7, Compare the unstabilized, Frahm-stabilized, and Minor sky- 

response of the ship to waves of various  frequencies, 

8, Compare these responses  to those obtained for  other values 

of the ship-tank parameters • 

Presentation of Figures ;    In order to keep the number of 

figures from getting out of hand, we shall show this whole pro- 

cess through once, and afterward include  only those curves 

which directly illustrate a point of interest.    Most of the 

curves presented  are either plots of stabilized response versus 

frequency or Nyquist diagrams of the loop-transfer locus, G. 

On all figures showing stabilization versus   frequency, the 

unstabilized response  is plotted as a reference« 

- lit - 
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B,    Best Parameter Values  for Single Tank System 

In the preliminary work we found that  the mathematically 

important characteristics  of a single tank system could be 

expressed in terms  of four parameters:    Q^-'    t'"^"t'"^st* 

Let us now attempt to determine the effect  of each of these 

parameters on system performance, and by this means  gain a 

rational and complete understanding of the  single tank Systeme 

Best Value of Q. :    As we know least about the effect of Q. , 

it is studied first.   With the other parameters at reasonable 

values, a series of values  for Qt may be investigated«   Because 

the Frahm-stabllized response is a factor  in the overall (Min- 

orsky-stabilized)  response,  it is plausible to suppose that 

optimum Minorsky-stabilized response might be associated with 

optimum Frahm response«    This leads us  to begin with the value 

of Qt which gives  the best Frahm stabilization in the sense of 

Den Hartog, Qt = 1.63,5   We arbitrarily set Sl^ = loO,i^-st = 

Infinity and X+ = 0.25.    The results of the step-by-step 

process described in the preceding section are shown in Fig- 

ures 3» S 5» 6, and 7«, 

Surprisingly,  the overall stabilization in this case is 

seen to be very poor.    As  the experimental system shows better 

Assuming the value of A . = 0o26. the "best" values for Qx 
and -O-. may be found by a method exactly analogous to ' 
that used by Den Hartog, Mechanical Vibrations   (2nd Ed.), 
(New York:    McGraw-Hill, 19hO) pp. 115-29.   """"*" 

1 c 
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Stabilization 
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Figure 6. Stabilization action for the ideal 

Frahm-damping case. 

(unstabilized) 

qt -1.63 

fit  "1-ü0 

-0.64 

Minorsky 
Stabilized 

G 

0 12 3 4 

Normalized Frequency 

Figure   7.  Unstabilized,  Frahm-stabilized,   and 

Minorsky stabilized response  for the 

ideal Frahm-damping case. 
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stabilization than this and has lower Q^, we next choose a 

series of decreasing values for Qt, with the results shown in 

Figures 8 and 9. It is clear that, under the specified condi- 

tions, the excellence of stabilization increases monotonically 

with decreasing Q. . There is a practical limit to this process, 

however, in that the actual realization of Q+'s less than Ool 

would probably be quite difficult, and would also lead to condi- 

tions more complex than those described by the theory we are 

presently using. The process has been stopped at Q. = 0.2, but 

the tendency is clear• 

Least Possible Value of A.: As A. Is proportional to the 

per cent weight of water on the ship, it is advantageous from 

an economic point of view to make it as small as possible. In 

practice, the reduction of A.  will bo limited by the fact that 

reducing it tends to reduce the maximum capacity of the system. 

We wish to investigate here, however, whether or nor, the re'Juc- 

tlon of A. will have an adverse effect on performance, assuming 

that the capacity of the system (however la?'ge or small, is 

never exceeded. The results of such a reduction are shown in 

Figures 10 and 11. It appears that the value of S\.   (in itself) 

has very little effect upor the excellence of stabilization, and 

if anything the stabilization improves slightly with decreasing 

A^, Because a smaller value of this parameter means that the 

water must travel further to counteract a given waveslope, it 

will probably not be possible to design U-tube type tank 

- 16 - 
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G - Plane 

Low Freq Center Free [. 

-  0« 

(1) - 1. .6?; 

(2) 
^ 

- 1 .00 

(3) ^t -  0 .50 

Figure 8, Nyquist Diagrams - Change in the G locus with decreasing 

V 

(unstablllzed) 
(D «it"1*63! K-0.64 

^.-1.00; K-1.52 

^-0.50; K-4.00 

^t -0.20;  K-20.0 

1 +  AB 

Normalized Frequency 

Figure 9,  ImDrovement of stabilization with decreasing Q^. 
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systems with A. less than OdOo 

Best Value of-T^. ! It can be shown that for optimum 

Frahm-stabilization, -TL. = leOo Figures 12 and 13 show the 

effects of slightly larger and slightly smaller values of JTi-. 

on the loop-transfer locus and on Minorsky-stabilizei perfor- 

mance. It is apparent that as-TL. is decreased, the low- 

frequency response becomes better, the high-frequency response 

becomes poorer, and vice versa as it is increasedo As it is 

easier to improve the low-frequency stabilization by special 

controls than it is to improve the high-frequency stabilization, 

a value of-TL. in the neighborhood of 1,30 is probably pretty 

close to optimum. However, if it is intended to use the tanks 

in some cases as simple Frahm dampers,-O. should be left at loO 

Best Value of XI . : This is in some ways, one of the most 

important and interesting of the tank parameters, as has been 

mentioned before. At the point where .O-=-O-.,, a single tank 

system will produce no net stabilizing torque, no matter how 

great the motion of water in the tanks. It is therefore desir- 

able to have-Q. . as high as possible in a single tank system0 

Again there is a practical limitation. It will undoubtedly be 

difficult to achieve .0..'s much higher than 3o0 in practice« 

This represents a serious limitation on the utility of the 

single tank system (of the U-tube type) . Certain ways to 

o 

For the USS Hamilton, installation designed by Minorsky,  our 
calculations show that A .   ~ 0o25, 

- 17  - 
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*180o 
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Xt « 0.25 

At"00 

(1) nt - o.8o 

(2) -Ot - i.oo 

(3) n. » i.2o 

0.2 

-90« 

Figure 18, Nyqulst diacrams - Chanae of G locus with increasing 

and decreasing^. 
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circumvent this difficulty will be discussed in the fcllcwinj? 

sections. The effect o£ f^  .   - 2 o0 is shown in Figures IM, i59 

and 16. Note that at n ^ -TL  the phase of the stabilization 

action goes through zero and reverses. 

C. Diversified Tank Systems 

Diversification of the regulated elements is a feature of 

many high-performance servo systems. It is not, of course« an 

end in itself. One has the right to expect rather marked 

improvement in performance as justification for the added com- 

plexity. In general, one must begin with a concrete idea of 

what is to be accomplished by the diversification. Two 

diversified tank systems, corresponding to two such specific 

ideas, appeared beforehand to offer promise and are discussed 

below. They are: (l)  two equal-sized but " dagger-tuned" , 

tanksj and (2) a single tank, with a small "helping" tank to 

fill in the secondary resonance nullo 

Stagger-Tuned Tanks; The modat: operandi of " stagger- 

tuned" tanks is quite simple. Instead of a single U-tube 

tank, tuned approximately to the ship's natural frequency» 

we could use two U-tube tanks of equal size, one tuned slightly 

above and one tuned slightly below the natural frequency of the 

ship. The hope here is that the "broad-banding" produced by 

this arrangement will materially improve the loop-transfer 

characteristic, and hence the stabilized performance. Actually, 

this possibility was conceived befoie it was known that the 
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Figure 14. Nyquist Diagram - Exaggerated effect of secondary 

resonance on the Nyquist diagram. 
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Figure 15. Actual effect of secondary resonance,/!     «2.0. 
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best single tank system would have a very low value of Q. « With 

such a low Q. in the single tank system, the further "broad-band- 

ing" produced by "stagger-tuning" does not have a significant 

effect, as can be seen from the stabilization curves in Fig- 

ure 17, 

Single Tank with Small Helping Tank; In some servomech- 

anisms, the principal regulated element has a weak spot in its 

frequency response which may be eliminated or reduced by the 

addition of a small subsidiary device which "helps" in this 
7 

critical region.  Most commonly, the small device by virtue 

of its lightness, is used to extend the high-frequency response 

of the system. Such a high-frequency helping device would be 

useful in conjunction with a single tank system for which-O- + 

was infinite or imaginary, because such a system could not by 

itself produce appreciable stabilization beyond about 2„5 times 

the natural frequency of the ship. This case is not especially 

interesting, as it does not appear practical to build such 

single tank systems. 

In practical single tank systems,-TL. will almost cer- 

tainly be positive. For such a system, kinetic reaction 

actually provides stabilization in the high-frequency range 

above secondary resonance (see Figure l^f), so that no further 

7 
For a good discussion of helping devices  as a logica^. 

element in servo systems, see Oppelt, Stetige Regelvorgange, 
Chapter III, Sections D and E. 
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help is needed at the extreme high frequencies. Help is def- 

initely needed, however, to fill in the secondary resonance 

null which makes a positive XL t disadvantageous to a single 

tank system. We will find that when this null is eliminated 

by means of a helping tank, the result is a system whose high- 

frequency performance is markedly superior to that of any 

possible single tank system. 

Mathematics of Double Tanks: In the simple example 

worked out here, the pump-blade angles of both tanks are 

positioned by an acceleration signal, but with different 

control gains. This results in the following block diagram: 

e = e.   - e in        out 

^1 
a 

h out-L 
ä                                          rt 

W    . c 111 1  .                       1 KP2 (?>—t |          f K~J       ) 
^ 

7 c 

6         =9    .   + 6 out        out1 

'—) h\ B2 ) 
OUto 

out« 

c 

BLOCK D UGRA M FO R D ÜUBLE TANB 3 

From this block diagram the loop-transfer characteristic is, 

K G = K P^   (^ + kgBg)   = K  (^ 4 kg^) 
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v. The transfer-responses B^, §2? and S. may ^ found as before 

from the differential equations of motiono    Using an abbrev- 

iated notation strictly analogous to that defined for the 
o 

single tank system?    these equations of motion are, 

■"V: 
Ship« [SHIP]e +At      [ST^^ +   Xt    [S^]^ = ^ss T 

Tank 1:      ^t^ST^e +/^    [TANI^]^ 

Tank 2i X t2[ST2]e 

P1 i 

^t2 tTANK2^2=;ip2
0C2 

':V 

By Cramer's Rule it follows that, 

Si = 

eout1   -\ ^Tl3 

OCl        [SHIPirTANK,]   I   A^ST,]2  -\2[^i| [ST2]2 

e out, 
S2 = "ScT 

\ P2 [ST2] 

6 
C  = 

in 

T 

[SHIPlCTAN^]   - At2[ST2]2 -X^]^^ [ST^' 

_—. . . _      LTANK  j ; 

[SHIPlÜTATO^  - ^[ST^2 -A^^^j [ST2]' 

And using our standard procedure, we define ^00=/^_ =^Tx = 1 ss      p^     p2 

Results for Single Tank with Helping Tank;    The Nyquist 

diagrams for G-,  and G2 are shown in Figure 18 „    Notice that 

8 See Chapter II, Section A of this part 
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the helping tank has a higher Q^, giving it a bandpass action 

so that it is effective principally in the vicinity of the fre- 

quency of secondary resonance« Paradoxically, the locus for 

the helping tank appears larger than the locus for the princi- 

pal tank. This is due to the assumption above (A  -  D» 
p2 

and things are restored to their proper proportion by the choice 

of k« =0,2, Figure 19 shows the G-, locus (passing through the 

origin at secondary resonance)9 and then the effect of adding 

the helping tank action. Notice that the effect of the helping 

tank is to fill in the null and shift the whole high-frequency 

end of the locus into the right hand plane. This is an ideal 

form for the locus. It means that so long as the controls can 

shift the pump-blade angle without lag (i.e. remain ideal), the 

system will stabilizeI The reason for this is that we are no 

longer using only the displacement of the water to produce 

counter-torques. Above secondary resonance the stabilizing 

torques are derived from the inertia reaction, or kinetic 

reaction of the water. 

Thus, with reverse irony, the phenomenon of secondary res- 

onance, which before seemed to be only detrimental, now appears 

as a useful tool in stabilization by tanks, A stabilizer mak- 

ing use of this principle can produce torques Just as fast as 

the blade angle can be positioned. Its speed of response is 

on a par or better with fins or any other known stabilizing 

device. This interpretation and use of secondary resonance 

is one of the important results of the research at Stanford. 
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Figure 16. Nyquist Diagrams for the main tank and the helping 
tank In a diversified tank system. 
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Figure 19. Nyquist Diagram, showing how the helping tank shifts 

the overall G locus Into the right hand plane at high 

frequencies. 
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The full effect of improving the high-frequency end of 

the locus cannot be realized, until an equivalent improvement 

is tmdertaken at the low-frequency end of the locus, as the 

low-frequency response now limits the gain. This improvement 

must be done by the use of further controls and hence is dis- 

cussed in the next chapter« A stabilization curve will not be 

drawn here for this case, but will be shown when the low-fre- 

quency response is improved, 

D« Summary 

Single Tank System: The results of the study of the single 

tank system may be summarized as follows. There are four 

critical parameters: Q^, A^-Ti-, and-TL +„ Qt should be as 

low as possible, say about 0,2 - O»!. ^ can be as low as 

practical limitations permit, probably not less than 0,10, XI. 

should be close to 1,0, if anything a little above, say lo30o 

-O- . should be as high as it is practical to make it, approach» 
S u 

ing something like 3»0, 

Note that a single tank system with "secondary resonance" 

at a finite frequency actually stabilizes the high frequencies 

better than one with "secondary resonance" at Infinity,    This 

is an important observation, for it makes it at least plausible 

that this secondary resonance effect, though disadvantageous 

In a single tank system, might actually be advantageous  in 

some diversified tank system.    And this we found to be the case, 
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Diversified Tank Systems t Two diversified tanks systems 

have been examined. Because of the already low Q. of the best 

single tank system, "stagger-tuning'1 proved to be of little 

advantage. The gain in effectiveness certainly would not 

justify the added complexity. On the other hand, significant 

performance improvement may be achieved using a single tank 

with secondary resonance null filled in by a helping tank. In 

this case the theoretical high-frequency loop-transfer locus 

was made to lie wholly within the right hand plane. This indi- 

cates that the system has a superior high-frequency response. 

In physical terms, inertia reaction in the main tank takes 

care of the very-high-frequency region, the helping tank takes 

care of the secondary resonance null, and displaced water in 

the main tank takes care of frequencies below the secondary 

resonance region. 

Notice that direct acceleration control was used on the 

helping tank. The principal locus could be shifted even fur- 

ther to the right by using a more sophisticated control for 

the helping tank, but acceleration only control illustrates 

the point sufficiently well. Actually, a U-tube tank, while 

it does the Job, is not necessarily the ideal helping device 

in this situation. Some other type of tank or even perhaps 

small gyros might better be used as the helping agent. 

It is interesting, that the high performance of this 

double tank system does not depend on a special principle 

- 2\ - 
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which could only apply to U-tube tanks, but on the general 

ideas of displacement of mass and acceleration of mass. Work- 

ing with these ideas is a very powerful way to approach stabi- 

lizer design. Stabilizing devices may be classified and 

studied according to the basic nature of the torques they pro- 

duce and the energy they store. It is already possible to 

visualize systems which might perform the functions of this 

double tank system in a simpler and even more efficient manner, 

Such studies are to form a part of the next year's work at 

Stanford, and so will not be discussed further here. 

m. ■ 

.1 
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IV. FREQUENCY■JfflSPONSE APPROACH TO CONTROL DESIGN 

Having considered regulated elements, attention may now 

be turned to the design of high-performance regulating ele- 

ments . The problem is to find those control elements and 

control arrangements which lead to the most effective perfor- 

mance, A standard ship-tank arrangement is used for the 

majority of cases treated in this chapter, although certain 

questions will require that a special tank form be used with 

the control system being discussed« The standard ship-tank 

arrangement will be a single tank system with-Tl . = infinity. 

As before, we will use the frequency-response approach 

and the Nyquist diagram. We will follow the same step-by-step 

process, except that in this case the control block transfer- 

respor.re. A, is to be varied, while the ship-tank responses, 

B and C, are held relatively constant. 

Four more or less distinct control problems are discussed 

in the following sections i (a) the use of position and veloc- 

ity to augment the acceleration control^ (b) the problem of 

control lagj (c) the use of "lead" circuits| and (d) the use 

of open-cycle control or "feedahead". Hence this discussion 

parallels the pattern established in Part A. 

P 
jr 
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A. Position and Velocity as Complementary Controls 

The use of position and velocity signals to augment the 

primary acceleration control signal has been mentioned in 

Part A. These signals are in a sense integrals of accelera- 

tion and therefore should tend to improve the low-frequency 

response of the system just as "derivatives" improve the high- 

frequency response. Further integrals such as integrated posi- 

tion could conceivably be used, but they do not seem justified 

at this time and are not discussed here. 

We will first discuss the use of these augmenting signals 

on a single tank system, and secondly discuss their use on a 

diversified tank systemt where they will be found to produce 

an especially effective performance. 

Position Signal Aid on a Single Tank System: Acceleration 

only control /*ives no stabilization at all at zero frequency. 

Hence a logical move, is to add a moderate amount of position 

signal (into the pump-blade angle control) to correct this 

inadequacy. It can be shown that both signals should have the 

same sense, meaning that a positive position signal should add 

arithmetically to a positive acceleration signal. Thus the 

control transfer-response. A, has the following form, 

.2 
A =|-= K (P2 + 1^) 

For steady-state sinusoidal oscillation we will find 

that the position signal dominates at low frequencies, the 
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acceleration signal dominates  at moderate and high frequencies, 

but at some intermediate frequency (namely-Tl = v'TcT )  the two 

signals exactly cancell    It is not wholly coincidence that 

this effect,  at low frequencies,  is  symmetrically analogous  to 

the secondary resonance effect at high frequencies.    The Ny- 

quist diagrams  (see Curve #1)  in Figures 20 and 21 show this 

analogy clearly when compared to the preceding Figures 1^- and 

15.    The stabilized response for this  case is shown in Figure 

22,    The null between position and acceleration control is 

obviously undesirable, and by analogy to the "helping"  tank 

a "helping"  control signal is  indicated to fill in this null. 

The logical control signal for this purpose is velocity. 

Position and Velocity Signal Aid on a Single Tankt    It can 

be shown that all these signals  should have the same sense. 

Hence,  for A we have,# 

.2 A = l^ K (P2 + kjp + kg) 

Figures 20 and 21 (Curve #2) show how the addition of velocity 

control shifts the low-frequency end of the loop-transfer 

locus to the right, exactly as the "helping" tank shifted the 

high-frequency end of the locus to the right! The stabilized 

response for this case is shown in Figure 23. Analogously to 

the double tank with acceleration only control, the maximum 

gain is limited by the unimproved end of the locus, and so 

the complete effect of this improvement cannot be realized. 
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G - plane 

Position & Accel. 
Control 

Figure 20. Nyquist Diagram - Exaggerated effect of adding position 

and velocity control. 

G - plane —(1)  Position and Accel. Control 

I 

(8)   Position, 
Velocity,  & 

'I— 0° •7° Accel. Control   ^ 

A -  K(P2+ 0.5P +  0.64) 

Figure 21,  Nyquist Diagram - Actual effect of adding position and 

velocity contro1. 
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In order for maximum effectiveness  to be realized, it is 

necessary to use at one and the same time,  the improvement 

gained at low-frequencies by the added control signals,  and 

the Improvement gained at high-frequencies by the helping 

tank. 

Position and Velocity Signal Aid on Diversified Tanks s 

In this case we use acceleration plus velocity plus position 

signal control on the last-discussed double tank system.    Thus 

the loop-transfer locus, K G, is given by, 

K G = A x B = K (P2 + k^ + kg)   (^ + 0,2 B2) 

This loop-transfer locus is plotted in Figures 2l4-, 25, 

and 26,    It is seen that the locus now lies  completely in 

the right hand plane, a most desirable state of affairs.    With 

this locus  it would be possible,  in fact, to make the loop gain 

infinite,  and hence the stabilization perfect, without exceed- 

ing the magnification ratio of 1.3.    In practice, however,  the 

completely ideal controls assumed here are not realizable.    The 

high-frequency response will eventually drop off due to defic- 

iencies in the control, i.e. due to the inability of the con- 

trols to shift the pump-blade angle without lag at very high 

frequencies.    The important point to note,  is that the burden 

of lag has been transferred from the relatively unwieldly 

regulated elements  to the more flexible and versatile controlsJ 
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G - plane 

.sV 

Low Freq. 

Small  Scale 

Fifirure 24. Nyquist Diagram - G locus for a double tank with position 

and Telocity control added. 

Low Freq 

Large Scale 

Figure 25. Nyquist Diagram - G locus for double tank with position 

and velocity control added. 
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At low frequencies the controls can be considered ideal 

without violence to the physical facts,  so this  end of the locus 

is    reliable.    While the control action must eventually fall off 

as frequency is  increased, the critical frequencies of the con- 

trol system should be well beyond the ship's natural frequency, 

perhaps 5-10 times  the ship's natural frequency.    As discussed 

in Part A, the high-frequency control response problem does not 

seem excessively difficult in the case  of ship stabilization, 

A locus such as that in Figure 26 dons not provide a mag- 

nification ratio criterion by which to set the gain.    The gain 

could be set analytically, only by further specification of 

the non-idealness  of the control system.    Such specification 

lies beyond the scope of this report.    The gain has arbitrarily- 

been assumed to be four times the maximum allowable gain for the 

single tank system? which seems to be a reasonable engineering 

estimate.    The somewhat startling result is shown in Figure 27, 

If one remembers that most of the rolling of the ship is reso- 

nance rolling, and so larger than the waveslope,  the stabili- 

zation curve In Figure 27 is seen to represent something in 

the order of 95$ reduction of "average1* rolling.    This means 

that for maximum effective waveslopes of 6-10 degrees, the 

ship's roll would be held to something like one degree, assum- 

ing, of course,  that the capacity of the system was not ex- 

ceeded. 

I 
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With this last result, the assumption of ideal controls 

has clearly reached the limit of its usefulness. It would be 

unprofitable to carry the quantitative treatments in this 

chapter further toward the optimum without a more specific 

definition of the controls. As mentioned above, such specifi- 

cation, with a consequent loss of generality, lies outside the 

proper scope of this report. 

Let us review what has been accomplished up to this point« 

By judicious use of tanks and controls the all-important loop- 

transfer response, K GCjA.), has been converted from a narrow 

"bandpass" response (for the single tank system with high Q^) 

to an "allpass" response (for diversified tanks with aided con- 

trol) • That is, the loop-transfer response is "allpass" for 

ideal controls. It would naturally be a "lowpass" response in 

the case of non-ideal controls, but a lowpass response whose 

cutoff is wholly in the controls, and not in the regulated 

elements 1 This "lowpass" problem resembles the usual servo 

problem and its treatment in terms of frequency-response meth- 

ods is straightforward. 

Having now designed a locus whose cutoff depends only 

on control lags it is fitting to illustrate what can happen 

if the controls are allowed to introduce excessive lag into 

the system. It should be noted that, in principle, it seems 

possible to build quite adequate controls for this system, 

but that in practice it is not at all difficult to build con- 

trols with very unsatisfactory characteristics« 
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B« Control Lags; Their Origin and Their Effect 

As this project has not Included work on the actual devel- 

opment of optimum controls, what is said here is Intended to 

be of a qualitative and general nature, and to represent what 

may reasonably be inferred from the known state of the control 

and instrumentation art. 

For ship stabilization, the assumption of ideal controls 

Is sufficiently valid over the low and middle frequencies o The 

approximation will inevitably break down as the frequency 

becomes relatively high. As the frequency becomes higher and 

higher, the pump-blade angle will first lag behind the control 

signals and eventually fall to follow them altogether« Thus 

we speak of high-frequency lags, and of high-frequency "cutoff", 

Let us consider where, why, and when, such lag will occur5 and 

what the general effect on performance will be« 

Three Sub-Blocks In the Control System; As the control 

£v block has been defined in this report it includes all elements 

Interposed between the ship's angle of roll and the pump-blade 

angle* This control block can be broken into three sub-blocks9 

each with a different function and nature; (1) the sensitive 

elements or detecting elements^ (2) the control amplifier or 

computing element) and (3) the positioning motor or output 

element. The functional relationship of these control blocks 

Is shown in Figure 28a, 

l^ 
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Control block» A 

Ship angle, 0 
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Kk.e 

iaodifled 
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) 

SENSITIVE ELEMENTS 
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Velocity Gyro 
Position Gyro 

Sub-Block, A-^ 

CONTROL AiviPijIFIER 

,   Electronic or other 
f  amplifier. Lead and lag 

circuits.  Summing amp- 
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Final power amplify- 
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Figure  28a.     Definition of  Sub-Blocks  in  the  Control 
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Lag In the Sensitive Elements i    A control action based on 

acceleration plus velocity and position signals has been de- 

scribed in the preceding paragraphs,    These signals can best be 

obtained by direct measurement.    The three instruments required, 

would in all probability be an angular accelerometer,  a veloc- 

ity gyroscope, and a position gyroscope — at least these will 

serve for the argument. 

All of these instruments  tend to give ideal  (no lag)  re- 

sponse as frequency approaches zero, but to lag at high frequen- 

cies.   By the nature of the control action, however, it is not 

necessary that the position and velocity signals "hold up"  into 

the high-frequency range.    Clearly, the position and velocity 

signals need only "hold up" until the accelerometer signal has 

become the predominant signal.    As the accelerometer should be 

the predominant signal at the ship's natural frequency and above, 

the position and velocity signals are only required to approxi- 

mate the ideal in the range of frequencies 0 - 0.15 cycles/sec- 

ond.    This  is not a severe requirement, hence the position and 

velocity instruments can be considered ideal tj all intents 

and purposes, insofar as their frequency response is concerned. 

The accelerometer, which provides the predominant control 

signal above the ship's own frequency, should have a flat re- 

sponse well into the high-frequency range.    Considering the 

present state of the art of accelerometer design, this again is 

not a severe requirement,  and the accelerometer can be consid- 

ered lag-free. 
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Lag In the Control Amplifier t If an electronic amplifier 

is used as in the model system at Stanford, its response can be 

considered lag-free. "Differentiators" cannot, of course, pro- 

duce ideal derivatives, but the less ambitious "lead" and "lag" 

circuits can generally be expected to give their designed re- 
Q 

sponse over the desired frequency range.7 Whether electronic or 

otherwise, the elements of the control amplifier will generally 

be lighter, faster acting, and hence considerably more free from 

lag, than the elements of the positioning motor which are called 

upon to expend a fair amount of power • 

Lag in the Positioning Motor t As defined here, the posi- 

tioning motor includes all those elements which tcke part in 

converting the output of the control amplifier into the angle 

of the pump blade. For example, the positioning motor might be 

a two-stage hydraulic stroke-amplifier, as in the Denny-Brown 

fin control system. In the model system, the positioning motor 

consists of a small two-phase servomotor in series with a hy- 

draulic stroke-amplifier. The small servomotor unfortunately 

has more lag than any other element in the whole control system. 

This need not be the case in future practice. The principal 

lag of the control system should be expected to reside in the 

final power element, i.e. the final blade-angle-positioning 

device. It further appears that even this lag should not be 

Q 7    See Brown and Campbell, Principle     of Servomechanisms, Chap- 
ter 7.  for a discussion of differentiators versus lead and lag 
circuits.    This chapter is concerned with the whole problem of 
G function synthesis. 
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serious until one reaches frequencies of 5-10 times the ship's 

natural frequencyo 

Fictitious Example of Control Lag; The discussion above 

seems to indicate that the inherent limitations on control re- 

sponse are not unusually severe in ship stabilization by tanks. 

One should not underestimate the difficulty of the control de- 

sign problem, however. It requires not only the best possible 

components, but a very nice balancing oi their sensitivities, 

ranges, and responses. Each element must be almost tailor-made 

to fit its particular function, for the old adage "a chain is 

no stronger than its weakest link" applies here with double 

emphasis. 

Figure 28 shows the very real deterioration in performance 

due to excessive lag. This is only a slight exaggeration of the 

conditions existing in the 12-year-old model system at Stanford. 

For this example, the two-phase servomotor is assumed to be 

contributing the important lag (as in the model), and to have 

the following overall response: 

V 

In 

1__ 
SM 

out 
where 

-* I 
out 
in 

0) 

1+(|) + (|) 
7 § P = J-n- - J~ oo. 

Overall Response of Servomotor 

Servomotors and their response are discussed in any standard 
servo text. For example see Chapter 2, page ^5, in Brown and 
Campbell, Principles of Servomechanisms. 
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similar to that cf a pendulum v/hose natural freqiienc,,- H:   •.■;,l:e 

that of the ship and whcse damping Is one-half critical» 

C, Uses of Lead Circuits 

Lead circuits are the physically realizable oo'iinteipart, cf 

the non-realizable differentiator. Their ■function is to pr-ovlde 

rbase lead in the control action, -"rid yihil^  they • "nr.:^ -».'"vlde 

pure derivatives, they may provide the equivalent of uerlvatlve 

control over a certain range of frequencies„ They and r^elr- 

cpposites, the lag circuits, are öfter thought of as devices by 

• /hich one may shape the loop-trans fez- locus into more desirable 

"orm. They are treated e.»*.en3lvely in the li'er:.'^-. „ .It -e 

liav? trsde refere/"'0 *c If-a'1 :1rcult'-3 P nupter cT t «i-i. . 0 ;••■ ^•■'•. 

be vcrthv/hile to illnstr.. - ■ -■-.'Wiel  ways In "/hlr.h t.ht^y r';;hf h€ 

employed in this problem. 

Lead Circuits to Reduce thg Effect of Lag 2 Lead circuits 

are often used to reduce the effect of high frequency la-> :;u.;h 

as was discussed in the pr-ecodinn section« Curve .rl In Figure 

28 shows the use of a simple series If ad circuit to reduce the 

effect of the gross lag in the two-phase servomotor0 Natur- 

ally one cannot expert perfection In the presence of v.vh lag, 

but the Improvement is marked. The series lead circuit was 

used in the following way. 

y: - 
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Control Block 

oC 

h* 
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Series Lead Circuit Compensating Two-Phase Servomotor 

Use of Lead Circuit to Replace Velocity Gyro; A similar 

series lead circuit can be used in an interesting way in the 

first control sub-block, JU , to replace the velocity gyroo 

Notice that a simple lead circuit tends to generate a mixture 

of the input signal and its first derivative. If the denomina- 

tor were equal to unity, the circuit would generate the input 

plus its first derivative, but the variable term in the denomina- 

tor eventually (at high frequencies) nullifies the derivative 

action. Even so, a circuit of this type can be used to eliminate 

the velocity gyro, so that only position and acceleration sig- 

nals need be generated. The block diagram of A^ would be as 

follows, 
s. 

k 

—^ 

'. 

Pos. 9       Lead (0.16+0.26 p)e 
s 

* 
—j ^ircul: i 1 9 

P2e 
1"K),312P               (±)  ; 

* Ace. 
• 

- . 

F igi ire 29a. Use of Lead Circuit to Replace Velocity G yro 
I 
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Figure 29. Nyquiet Dlacoram - Use of equalizing circuit to obtain 

equivalent Telocity control. 
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By the same token that the position and velocity signals 

need not be Ideal beyond the point at which the acceleration 

signal predominates, the "differentiation" of the lead circuit 

need not be ideal beyond this same point. Such a circuit could 

be designed without difficulty. Its use with a single tank 

system is shown in the Nyquist diagrams of Figure 29, where its 

action is compared to that of the original acceleration plus 

velocity and position control, 

D. "Feedahead" or Open Loop Control 

Up to this point, the discussion of controls has centered 

around the idea of feedback or so-called closed loop control. 

Various modifications of the loop-transfer locus leading to 

more effective performance have been proposed and illustrated. 

Feedahead, on the other hand, is a system of control with no 

closed loop and hence no loop-transfer locus. When it can be 

used it complements the feedback action in an important way. 

Physically, feedahead is a reversion to direct control, i.e. 

the kind of control that had to be used before feedback was 

Invented, The advantage of feedahead control lies in the fact 

that one need not give up the useful feedback control, both 

can be used simultaneouslyj and, as shall be seen, their separ- 

ate effects are multiplied. The servo block diagram with feed- 

ahead added is shovn in Figure 30, As indicated there, the 

feedahead control measures the waveslope and then attempts to 
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+ Feedahead path 

ck   -   d^y 4-  o{ 
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Block diagram for Feedback  and Feedahead Control 

It follows by   simple  algebra from the  above  that. 

-T-   =   G   X   (    i   A   n      )   X   (1   -  -L,) vi^        - 1 + A D     # r.H-1 

Ö 

f 
e 
T 

CB 

r  (Frahm stab.)x(Feedback stab. )x(Feedahead  stab.) 

s  Overall  stabilization with feedback  and feedahead 

Wow,   for the  best  feedahead  action,   we  desire  that. 

1     X G B" •1 so that (1 - 
A 

.) 0 and e o 
CB  ■ ^ 

Figure  30,     Feedahead Control and  its  Effect on 
Overall Stabilization 
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position the blade angle so that this waveslope is exactly- 

counteracted. It never knows how successful it is in this 

operation for presumably there is no feedback from the ship's 

motion to the waveslope. 

At the same time time that this is going on, the feedback 

control measures the residual motion of the ship and acts to 

reduce it. This has led some authors to speak of feedahead and 

feedback control as a sort of coarse and fine correction system. 

Whether one chooses to think in such terms or not, it is clear 

that each action is independent of the other, and that the net 

effect is the product of both actions, This is an ideal state 

of affairs. If, for example, the feedback and the feedahead 

control each reduce the rolling to 20^ of the unstabilized value 

when acting alone, both together would reduce the rolling to 20% 

x 20% or h%  of the unstabilized value I Before the reader gains 

the false impression that Utopia has been reached, it may be 

well to point out and discuss the two critical factors on which 

the realization of a feedahead system of control hinges? (1) 

measurement of the input, in this case the effective waveslope5 

and (2) synthesis of the feedahead control function, X. 

Measurement of the Waveslope ? i£ t For feedahead control 

it is first necessary to measure the effective waveslope, (JJ • 

Furthermore, this measurement must be essentially unaffected by 

the ship's roll, so that no feedback takes place in this part 

of the control. Pressure devices have been spoken of in this 

, 39 , 
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regard  and it is clear that they are affected by the wave- 

slope in much the manner one would like« Unfortunately they 

are also affected by the ship's angle of roll, so that their 

signal is roughly a measure of ^ - 0. This cannot be used 

directly, as the ship's roll angle component in the signal 

would close the loop. It is not inconceivable, however, that 

the ship's roll angle could be measured elsewhere and subtracted 

out of this signal leaving a "pure" waveslope signal» Such a 

signal would be very useful not only for operational ship 

stabilization but for oceanographic studies concerned with 

effective waveslopes. It is not possible to estimate just 

what can be achieved along these lines at present, but the 

matter certainly deserves further consideration. 

Synthesis of the Feedahead Control Function, X: Once the 

waveslope has been measured, the effectiveness of feedahead 

depends on the degree to which X can be made to approximate 

C B , and the frequency range over which this approximation 

holds good. It is perfectly possible that the two may be 

exactly equal at one or more points, making the ship totally 

stabilized against excitation at such frequencies. In gen- 

eral, however, C B  is not likely to be realizable, so that 

X cannot equal it over the whole range, even in principle» 

Principally by T. A. Roccard, "Stabilizing Equipment for 
Vehicles, Particularly Ships," ü. S. Patent 2,130,929, Sept 
20, 1938. 
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The problem resolves  itself Into a rather tricky approximation 

problem, which d epends on the nature of the B and C  in question« 

One should try to design X in such a way that it falls off at 

high frequencies faster than C B~    so that as  the feedahead 

ceases to stabilize it does not destabilize.    It seems quite 

possible to design X in this way.    Again the details  of design 

can only be worked out in terms of situations more specific 

than we are treating in this report.    These questions will be 

studied in the further work at Stanford, 

E.    Summary 

Position and Velocity as Coaplementary Controls;    We 

investigated the use of position and velocity signals to aug- 

ment the basic acceleration control signal.    The result was an 

Improvement in the low-frequency response completely analogous 

to the Improvement in the high-frequency response, due to the 

use of secondary resonance and a "helping tank".   When position 

and velocity aided control were used on a diversified tank 

system    of this last-mentioned kind, the whole loop-transfer 

locus was moved into the right hand plane, producing a highly 

effective stabilization action.   Further improvement was then 

seen to be a function of the non-idealness or lag of the 

controls. 

Control Lags:    Their Origin and Their Effect;    The control 

block may be divided into three sub-blocks;     (1)  sensitive 
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elements} (2) control amplifier; and (3) positioning motoro 

The lag in the first two of these should be nearly negligible,, 

Because of its size and weight, the final positioning element 

may be expected to contribute the greatest part of the lag in 

the control system. It appears possible to operate the controls 

out to frequencies of 5 - 10 times the ship's natural frequency. 

However, if lag exists, for one reason or another, its effect 

can be very serious I 

Uses of Lead Circuits ; Lead circuits are the physically 

realizable counterpart of differentiators. Instead of acting 

as ,•pu^e,, differentiators, they produce an input plus deriva- 

tive signal over a certain range of frequencies, They may be 

used to reduce the effect of system lags. This was shown. In 

certain instances they may be used to replace differentiators. 

This was illustrated by using a lead circuit to replace the 

velocity gyro, 

Feedahead or Open Loop Control; The closed loop or feed- 

back may be assisted by open loop or feedahead control. From 

the block diagram the two actions were seen to be independent, 

and to give a final stabilization equal to the product of the 

two separate stabilizing actions, Feedahead also gives the 

possibility of total stabilization (at least at certain fre- 

quencies), which feedback does not give. The practical use 

of feedahead is dependent on being able to measure the effec- 

tive waveslope, (L) , Independent of the ship's motion. This, 
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of course9 cannot be done by pressure detectors  alone«    We alio 

must synthesize the feedahead control function, X,    In addition 

to being useful operationally, a signal corresponding to the 

effective waveslope, lb , would be very useful for oceanographic 

purposes, 
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V. THE USE OF WAVESLOPE INFORMATION IN DESIGN 

A. Introduction 

The purpose of this chapter Is to explore in a brief and 

general way the relation between our knowledge of waves lopes 

(the input) and effective design. In doing this we are looking 

toward the future more than in the preceding chapters , for our 

knowledge of waveslopes is far from complete, and the techniques 

by which we may make use of this knowledge are not yet fully 

developed. On the other hand, the input in the ship stabiliza- 

tion problem is especially interestingj and it is not impossible, 

in the author's estimation, that some day ship stabilization 

may come to be looked upon as a classic problem in this regard. 

The usefulness of the frequency-response approach is self- 

evident in the two preceding chaptersj as a first approach it 

is perhaps unexcelled. However, the frequency-response approach 

does not take the nature of the input into account in any expli- 

cit way. Essentially it assumes a unit amplitude input at all 

frequencies. In practice, this assumption can be tempered by 

the Judgment of the engineer, but there is still no quantitative 

way in which the frequency-response method can take account of 

the input nature. We must look for other ways to make use of 

input information, but before we do this, let us inquire into 

the mathematical nature of the input. 
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B»    Mathematical Nature of the Tüwat 

SS 

The ways in which we may make use of Input Information 

depend on the mathematical nature of the Input. The problem 

is basically a problem in communications engineering, and the 

waveslope input may be characterized as a time series« As do 

many other time series, the effective waveslopes on the ship 

have two fundamentally different types of qualities:  (1) sys- 

tematic or analytic qualitiesj and (2) random qualities. 

Systematic Qualities; By systematic qualities we shall 

mean those qualities which follow from a strong cause-effect 

relationship which can be understood| and from which, seeing 

the cause, we may predict the effect with reasonable accuracy. 

As the most important example of this (in the ship stabilization 

problem), we have those qualities of the effective waveslopes 

which are due to the course and speed of the ship. The appar- 

ent frequency of a given wavetrain will change as the sh.p's 

course and speed are changed, but in this change we can see 

a great deal of specific cause and effect. There may or may 

not be other qualities of the input for which a sufficiently 

strong cause-effect relationship can be found, e.g. the fre- 

quency of the waves vs. the strength of the wind. 

Random Qualities; There are other properties of the in- 

put, however, in which the cause-effect relationship will be 

lost« These qualities can only be characterized in terms of 
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their collective nature, i.e. in terms of their probabilitieso 

The true frequency distribution of waves in a given storm is an 

example of such a qualityo 

Stationary and Quasi-Stationary Time Series t In studying 

inputs, one often speaks of the stationary time series „ By 

that we mean a time series whose qualities are principally ran- 

dom, and whose power spectrum does not change after a reasonable 

length of time, i.e. for a sufficiently large sampleo If a time 

v£ series is not stationary, but yet changes only slightly in 

v"/ amounts of time comparable to the important time constants of i 
r,\ the system under discussion, the time series may be called 
'". • • •_ 
.%\ quasi-stationary and be treated as a stationary time series 

£• which changes from time to time« 

" The effective waveslope input to a ship,  cruising at will 

£ over the ocean,  is  certainly not a stationary time series, but 

it seems to be sufficiently well-behaved to be considered a 

quasi-stationary time series, 

C»   Ways of Using Waveslope Information 

In the preceding section we saw that the  time series 

which characterize effective waveslopes  (i.e., which character- 

ize the torques  on the ship due to waves), may have both sys- 

tematic  and random properties.    The presence of the systematic 

properties, more than anything else, tends  to make these  time 

series quasi-stationary rather  than stationary.    For example, 

if the ship changes course,  the properties of the time series 
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characterizing the effective waveslope changeo    It is  clear 

that one could not adjust the parameters of the system before 

the ship went to sea, and have any hope that they would remain 

optimized   (against input)  for all the various  situations  in 

which the ship would later find itself»    This leads us to the 

following comparison. 

A Priori vs. A Posteriori System Adjustments;    If one  is 

dealing with a stationary time series it is possible to adjust 

the system to take account of this input at the outset, and 

then this  adjustment remains  optimum for all time.    When,  on 

the other hand, one is dealing with quasi-stationary time 

series, whose properties vary in a serious way, the system 

must be readjusted from time to time as the qualities  of the 

time series change. 

Now,  in order to ascertain when and in what way the time 

series changes, a certain amount of observation must be carried 

on.    Without observation one  cannot become aware  of the nature 

of the particular quasi-stationary time series one is dealing 

with.   Prom this there follows a general theoremt 

The use of input information in the ship- 
stabilization problem appears  to have meaning 
only in conjunction with:  (1)  a continuous or 
sampling observation of waveslopes, speed and 
course of ship, wind strength, etc.} and (2)  a 
stabilization system certain of whose parameters 
may be adjusted from time to time in accordance 
with the findings of observation. 

Adjusting for Systematic and Random Qualities;    It is 

axiomatic  that in optimizing systems with respect to their 
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input,  systematic properties must be  adjusted for analytically, 

and random properties adjusted  for statistically.        One first 

takes care of all the effects whose causes can be seen,  and 

then treats the residue by statistical methods« 

In the  case of ship stabilization, we should,   if at all 

possible, treat the changes  of apparent frequency and effective 

waveslope due to course or  speed, as  due to such a and not as  due 

to random causes.    Perhaps   the wind velocity and ocean region 

will also have significant systematic effects which can be 

accounted for and removedo    The residue will not be an essen- 

tially stationary time series for all time, courses, speeds, 

etc., but it will certainly be  infinitely more stationary than 

the original "raw"  input. 

In practice, one might go about "removing"   (i,e, correcting 

for)  the systematic properties   of the effective waveslope input 

in something like the following way.    Measure the speed of the 

ship, the strength of the wind, and the course of the ship rela- 

tive to the  oncoming waves , either by means of automatic devices 

or by human observation, or both.   Then, assuming the system 

optimized at one course and speed, etc, analytic considerations 

will tell how the parameters of the  system should be readjusted 

12 ""    This is  emphasized by N» Wiener, Extrapolation, Interpolationo 
and Smoothing of Stationary Time Series, page 71,    The "control 
chart"  used  in quality control  is based on a similar idea. 
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as any of these variables change.    Any residual deviation from 

optlmtm performance will now presumably be due to changes  in 

the random component of the input.    This is exactly the modus 

operandl of the "Following Sea"  - "Beam Sea" switch in the 

Denny-Brown fin-control system, although it only accounts for 

>"> the effect of changes in course«    Such a system of adjustment 

can and should be made more or less sophisticated, according 

as experience shows more or less gain in performance when 

such and such a variable is corrected for. 

D.    The Statistical Approach to Servo Design 

Let us assume for the sake of the argument, that all the 

known systematic effects have been accounted for leaving a 

residue which is essentially an almost-stationary, random time 

series.    This time series may be expected to change somewhat 

with time, albeit slowly, so that over all time we must think 

In terms of a set of related time series, rather than in terms 

of single one.    Such a set of related time series is known as 

an ensemble,  and usually we strive to optimize the system in 

terms of the "average" properties of the ensemble. 

The optimization of system performance in terms of such 

Inputs may be accomplished by the methods of Wiener, et al, ^ 

These methods are based on a minimisation of RMS "error", 

^    Wiener, op, cit. 
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"error"  being defined in general as  some function of the dif- 

ference between the actual behavior and the desired behavior0 

Specification of Parameters vs. Specification of Function; 

Being variational in nature,  these methods might be expected to 

specify the complete functional form of the optimum system« 

However, physically realizable systems are not free to be com- 

pletely specified by an arbitrary input,  and hence one must  to 

some extent pre-speclfy the functional form of the system,  and 

carry out the optimization in terms  of the parameters of the 

pre-specificacion«       This is especially true in optimizing 

servomechanisms,  for many constraints  (of which the optimizing 

process  is not a priori aware)  act to narrow the range of allow- 

able functional form and parameter values of a servo system» 

In the usual case, only a small proportion of the system para- 

meters may be allowed to vary. 

Definition of "Error" t    In the ship-stabilization problem 

"error"  is  obviously related to the difference between the 

desired angle of roll of the ship and the actual angle of roll« 

Suppose, for example, that we desire to totally stabilize 

against poll, then this difference is simply the residual roll, 

0.    It would seem reasonable to define "error" as equal to 

this residual roll.   However, if we do this we do not take 

Ik See Wiener, op, cit,, page 15, and James, et al. Theory 
of Servomechanisms, pp« 310-11« "~ 
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account of the fact that even a moderate amount of roll angle 

at the higher frequencies may cause intolerable roll accelera- 

tions«    Perhaps then, we should optimize  in terms of 9,  or 

further, in terms  of some weighted combination of 0 and its 

derivatives«    But what weighting to choose?   These are ques- 

tions regarding the specification of "optimum", and are ques- 

tions which must be answered by those naval architects, gunnery 

experts, physiological-psychological experts, etc«, who are 

able to give qualified opinions  on the most desirable end 

results  of ship stabilization« 

What and How to Ad.lust?    If the system is to be opti- 

mized by adjusting certain pre-specified parameters, which 

parameters shall be adjusted, and how was  their pre~speciflca- 

tion arranged?   The answer to this question is not so difficult« 

In the first place the functional form of the regulated ele- 

ment response is determined by the decision to use, for example, 

a single tank system«   This is what is known as a policy decis- 

ion, as no purely analytic process could make this decision, 

without a priori knowledge of the existence (and functional 

form)  of a single tank system«    Some of the parameters  of the 

regulated elements are pretty well fixed by the original 

parameters of the ship«    Once the system is constructed none 

of the parameters of the regulated elements, with the possible 

exception of Q. , can be adjusted to an appreciable degree 

while at sea • 
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Hence  it is clear that most of the adjustments must be 

made in the control systemo    Perhaps the most obvious adjust- 

ment is a change In the proportions of the acceleration, velo- 

city, and acceleration control signals»    Quite a number of other 

adjustments  — more or less filtering of the signal, more  or 

less use of "lead"  and "lag",  etc,  — can be envisioned, depend- 

ing on the  complexity of the control. 

The utility of the frequency-response approach Is  empha- 

sized by the above remarks, for obviously,  it is our guide and 

aid in making decisions as to functional form, such as the 

decision to use diversified vs„ single tanks, etc» 
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YI.    SÜMMAHY OF RESULTS AND CONCLUSIONS 

This part of the report has been concerned   with the lin- 

earized theory of performance, i.e. with the performance which 

may be expected from a system whose capacity is never exceeded. 

It has had the double object:    (a)  of finding high-performance 

systems j and   (b)   of showing the utility of servo methods  in 

ship-stabilization work.   The satisfactory accomplishment of 

(a) is felt to be a sufficient demonstration of (b). 

Paralleling Part A, we have studied the high-performance 

problem in terms  of three factors:    (1)  regulated elementsj  (2) 

regulating elementsj and (3)  the input.    These three parts  of 

the problem have been taken up in Chapters III, IV, and V, re- 

spectively: the regulated and regulating elements being analyzed 

and synthesized by frequency-response methods ^ and the use of in- 

put information being related to statistical, error-minimization 

methods • 

A,   Frequency-Response Approach to Ship-Tank Design 

In preliminary work it was found that the linearized per- 

formance of the single tank system depended on only four criti- 

cal non-dimensional parameters: Q. ,   A^, -H.*.»  and -O. +,    The 

purpose of Chapter III was to find the best values for these 

four parameters,  and further to study the possibilities of 

various diversified tank systems.    An acceleration only control 

was used throughout this chapter, 
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Single Tank System;    The results  for the single tank sys- 

tem may be summarized as follows:    The tank damping parameter, 

Qt, should be as low as possible, about 0,2  - 0.1,   The tank 

strength (and weight)  parameter, A+.»  can ^e as  ^ow as practl- 

cal limitations permit, without detriment to the linearized 

performance, probably not less than 0.10,    The tank relative 

frequency, -O- + f should be close to 1.0,  If anything a little 

above.    The secondary resonance relative frequency, -^4.9 

should be as high as  It  Is practical to make it,  approaching 

something like 3»0o 

A finite  secondary resonance frequency was  found to be on 

the whole disadvantageous for the single tank system.    However, 

a system with such secondary resonance actually stabilizes the 

frequencies above the frequency at which secondary resonance 

occurs more effectively than a single tank system with -^- s+ = 

infinity.    This fact pointed the way to an interesting diversi- 

fled tank system. 

Diversified Tank Systems;    By diversified tank systems 

we mean a ship  in which several U-tube tanks  (with different 
I 

parameters)  are used to produce the stabilizing action.    Two 

double-tank systems were considered;    a "stagger-tuned"  arrange- 

ment | and a single tank  (with finite -^-„i.)  aided by a small 

"helping" tank at the secondary resonance null.    The first ;' 

arrangement provides  little Improvement, but the second one is .N 

of more interest, ^ 
i 
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By means of this second arrangement, the high-frequency- 

end of the loop-transfer locus can be made to lie wholly in the 

right hand plane. This is indicative of a system with especially 

effective stabilization at the high frequencies. This result is 

essentially due to the fact that this system utilizes the 

inertia of the water, rather than the weight of the water, to 

produce high-frequency stabilizing moments. While this second 

diversified tank system produces improvement of the high-fre- 

quency response, the gain continues to be limited by the un- 

improved end of the locus. Its full effectiveness can only be 

realized by using additional control signals to improve the 

low-frequency response. The use of these various controls was 

discussed in the following chapter. 

I 

B,    Frequency-Response Approach to Control Design 

We investigated four more or less distinct control prob- 

lems»    (a)  the use of position and velocity to augment the 

acceleration control ^  (b)  the problem of control lagj (c)  the 

use of "lead" circuits | and (d) the use of open-cycle control 

or "feedahead" • 

Position and Velocity as Complementary Signals t   When the 

acceleration signal is assisted by a position signal the very- 

low-frequency response is improved but there occurs a position- 

acceleration null exactly analogous to the secondary resonance 

nulll This null may be filled in by a velocity signal, which 

I 
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improves the low-frequency end of the loop-transfer locus in 

the same way that the "helping" tank improves the high-frequency 

end of the locus, 

When acceleration, velocity, and position signal control 

is used on a single tank system (with -TLg*. = infinity), the 

gain is limited by the unimproved, high-frequency end of the 

locus. This is analogous to the double tank case described 

above. Now when this augmented control is used on a double tank 

systemt both ends of the loop-transfer locus are improved, and 

for ideal controls, the whole locus lies in the right hand 

plane, A system with this locus would effectively stabilize 

all frequencies. Actually, one cannot completely realize this 

locus as the response of the control system must eventually lag 

and drop off. This will cut off the stabilizing action at some 

rather high frequency, but notice that the cutoff lies wholly 

in relatively light and flexible controls and not in the regu- 

lated elements I 

Thus Chapter IV completes the step-by-step improvement 

process begun in Chapter III, The various modifications of 

the loop-transfer locus have been shown previously in Nyquist 

diagrams. The following figure, Figure 31, shows these modifi- 

cations in terms of the amplitude of the loop-transfer locus 

versus relative frequency. We see that the performance of the 

final system is limited only by control lags (and its capacity, 

of course). This emphasizes the importance of control lags, 
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Control Lags t Their Origin and Their Effect; To facili- 

tate the analysis of real controls, they were broken down Into 

three sub-blocks: (1) the sensitive elements 5 (2) the control 

amplifierj and (3) the positioning motor. From the various 

arguments put forward, it appeared that the principal lag in 

the control response should be due to the relatively heavy 

positioning motor. Figure 28 illustrated the effect of rather 

severe lag in the positioning motor block» 

Uses of Lead Circuits ; Figure 28 also demonstrated that 

a "lead" circuit could be used to improve the response of lag- 

ging controls. Such a circuit, being realizable, is more 

realistic than a "differentiator'1. It provides signal plus 

derivative control over a moderate range of frequencies, or 

from the locus modification point of view it inserts a phase 

lead "bump'1 in the locus where such a bump is needed, 

"Feedahead" or Open Loop Control; Most of the previous 

discussions were of controls as elements in a feedback loop. 

It is known in the servo art, that in certain cases the feed- 

back performance of a system may be considerably augmented 

and Improved by the simultaneous use of "feedahead" or open 

loop control. This was illustrated in Figure 30, The inter- 

esting part of the result is that the two actions multiply. 

Feedahead also may provide complete stabilization at one or 

more frequencies. Remembering that our overall stabilization 

(without feedahead) was equal to the product of passive 
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stabilization and feedback action, we may set up the following 

historical sequence, vhich holds for stabilization by any means. 

2 = c =  (passive stabilization) 

ö 1 
5 ~ - x ^T+JTB^   = (Passive stab) x (feedback stab) 

§ = C x (n .1. p) x (1 =-=r) = (passive stab) x (feedback stab) 
Y  "   J- + Ä £       ^ B"-1

-        x (feedahead stab) 

The first and second of these schemes each have been used 

with stabilization by tanks, gyros, and fins § the third scheme 

is yet to be utilized for ship stabilization. For the proper 

operation of a feedahead control it is necessary to measure the 

effective waveslope, distinct from the motion of the ship. This 

is a difficult measurement which would require balancing a sig- 

nal from pressure detectors on the hull, against various signals 

corresponding to the motion of the ship.  However, the measure- 

ment does not seem out of the question at the moment, and once 

made, would provide an interesting signal, useful for oceano- 

graphic as well as for stabilization purposes. 

Cm    The Use of Waveslope Information in Design 

Most of the work in this Part C of the report is based on 

the so-called frequency-response approach to servo design. 

While this approach is extremely useful it does not provide 

an explicit means by which the nature of input may be used to 

improve the effectiveness of a stabilization system. This can 
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only be done by other methods, the choice of these methods 

depending on the   iature of  the input. 

Mathematical Nature of the Input;    The effective waveslope 

input is basically a time series«    As such it appears to have 

two different types of qualities:     (1)  systematic{  and  (2)  ran- 

dom.    For example, changes   in the course of the ship  (relative 

to the waves) produce large and systematic changes   in the 

effective waveslope time series.    Hence this  time series  is far 

from stationary» 

Ways  of Using Waveslope Information;    If one removes  the 

effect of systematic variations  in the input time series,  one 

is  left with a much more stationary, random residue, which may 

be used for statistical optimization methods.      However,  the 

systematic effects can only be known and removed if the quanti- 

ties  on which they depend   (ship's  course, ship's  speed, wind 

strength,  etc)  are also known at any time,  or sampled from 

time to time.    For this reason the use of input information for 

optimization has meaning only in conjunction with a means  for 

observing these quantities  and for adjusting the system para- 

meters accordingly.    As an example, cite Denny-Brown's human 

observer and "Following Sea"-"Beam Sea"  switch. 

The Statistical Approach to Servo Design;    Once the 

systematic  effects have been removed, the residue may be 

treated by the RMS "error"   minimization methods  of Wiener, 

and others.    In practice this optimization must be done  in 

- 59 - 

1*2 

^^•^•^^:;■:.■■:* v>^:-v:v.. :. ..; - - - M*i 



■^p^^^^r^r^j »y ^»i nr*? ■> ■> nn ^^J7tTTT^^Ty7T5T^V^^ :^",r 
"WTHTT-^"'."» L, ' ■ 

»^ 

V 

terms of parameters rather than functions, hence the utility of 

the frequency-response approach as a first approach» The defi- 

nition of "error" determines the manner in which the parameters 

will be adjusted, and brings up the question of Just what is 

the most desirable residual motion. This question is almost 

unanswered at the moment and would seem to deserve some consid- 

eration (by competent o:rierts) in the not-too-distant future» 

While theoretically. :-...:/  ',f the system parameters could be ad- 

justed, practical limitations will probably necessitate that 

most of the adjustment be in the parameters of the control 

system, 

D. Conclusions 

In this Part C, we have proceeded step-by-step to find ways 

and means by which systems of greater and greater effectiveness 

might be achieved. While the results of this part are based on 

the assumption that the capacity of the system is never exceeded, 

practical questions have not been neglected. Parameters have 

never been assumed to have values which could not be attained 

in the present state of the art, and the important question of 

lag has been discussed in some detail. The end results of 

these studies are quite interesting. 

How High is "High-Performance" ! At the end of Section A 

of Chapter IV we achieved (in the double tank with aided con- 

trol) a stabilization which amounted to something like a 95f 
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reduction of "average" rolling, and a correspondingly greater 

reduction of pure resonance rolling. Quantitative numerical 

predictions of high performance were not carried out beyond 

this point, but the feedahead and statistical optimization 

discussed in later chapters would both tend to further improve 

the above result. 

Grounds for Belieft In light of the fact that this kind of 

stabilization is a number of times better than anything which 

has yet been achieved in practice by any means, it may be well 

to examine what, if any, grounds one has for believing that 

such performance can actually be realized. There are a number 

of plausible objections to this belief. 

It has been said that the stabilizing action of tanks is 

inherently slow, hence their high-frequency response must be 

poor. This is true for a stabilizing action based only on the 

weight and hence the displacement of the water. This is not 

true if the stabilizing action is also made to depend on the 

inertia and hence acceleration of the water. It is a clean- 

cut, experimentally •; erifled result of the Stanford research, 

that the stabilizing action can easily be made to depend on 

inertia, and that the resulting torques have the desired sense. 

From this it follows that the response of a properly designed 

stabilization system using tanks, can be as rapid or more rapid 

than that of any other known type of ship-stabilization system 

(e,g. fins), 
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It might be said that the results of the trials of the USS 

Peregrine constitute a negative result for stabilization by 

15 tanks.   However, the known shortcomings of the Peregrine de- 

sign appear to constitute a sufficient explanation of its per- 

formance. The author is not aware of any way in which the Pere- 

grine trials contradict the basic results of the Stanford research; 

and there are, of course, a number of ways in which these trials 

underline an-^ emphasize the results presented in this report« 

It might be pointed out that nothing even approaching this 

kind of performance (96Jf stabilization) has yet been achieved 

in practice. This is true, but not necessarily indicative. The 

Denny-Brown fin stabilization system, for example, appears to 

produce about 60%  stabilization when operating within its capac- 

ity.   Now while there is a factor of eight between a 6Jf residual 

and a Hojf residual, there also was a factor of about four between 

the stabilized performance of the double tank with aided control 

and the less spectacular performance of the single tank with 

aided control. This last single tank system is believed to be a 

more thoroughly optimized design than the Denny-Brown fin system 

(as of 19^5), hence the performance of the Denny-Brown system 

appears to be about what one would expect from the results of 

this report. 

15 

16 

These trials have been discussed by the author in an unpub- 
lished memorandum, "Trials of the USS Peregrine- Report and 
Hecommendations", December 19» 19^9« 

See J. F, Allan, "The Stabilization of Ships by Activated 
Fins," Trans. Inst, Naval Arch. (19^5). 
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In addition to the above discussion of objections, there 

are several other more direct grounds which strengthen our 

belief in the results of this part. In the first place, these 

results are based on the theory developed in Part A and experi» 

mentally verified by model tests in Part B, Unlike a real ship, 

the model was constrained in such a vay as to have only one 

degree of freedom, but various theoretical and practical consider- 

ations lead us to believe, that this will have only a second- 

order effect on predictions made from the model results. The 

work in Part C represents little extrapolation of the basic 

theory, rather it is a rational and organized use of these re- 

sults» We have tried to avoid assuming anything more about any 

part of the system than is Justified by the known state of the 

art, whether such part be in the regulated elements or in the 

regulating elements• 

It is possible that the predictions of this Part C will 

later be found to have been slightly optimistic or even slightly 

pessimistic, but we believe that they will not be found grossly 

wide of the mark. 

Control Versus Capacity i Part C emphasizes the role of 

controls in achieving high-performance stabilization. Clearly 

the difference in capacity required in a system which stabil- 

izes 80^ of the roll and one which stabilizes 96^ of the roll 

is not great, but there is a ratio of four in residual motions I 

Thus high performance against a given waveslope is chiefly a 
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function of the design of the controls, and the design, but not 

the strength of the regulated elements, 

Notice that improved performance due to Improved controls 

or improved regulated element design, comes almost free of 

charge. The principal cost of a stabilizing system Is in the 

weight and expense of the stabilizing device. Sophisticated 

controls only "cost" if they decrease the reliability of the 

system, and this need not be the case. 

From the results of this Part C, it appears that the con- 

trol problem (which is essentially what we have studied here) 

will not be the limiting factor in the ship stabilization. 

Rather, the most severe limitation is likely to come from econ- 

omic considerations which will put a ceiling on the capacity of 

the system. No system can provide high performance when its 

capacity is exceeded by an appreciable percentage. 

Rational Design Versus Empirical Design; Perhaps the most 

important result of Part C, is the way in which it illustrates 

the utility of using a highly rational approach to the problem. 

The author believes that it would be extremely difficult if not 

impossible to arrive at the results of this part by any experi- 

mental or empirical method. The adjustment of the four para- 

meters of the single tank system alone, would represent an 

almost herculean task, and probably cost a small fortune, if 

it had to be done by physically adjusting the system, even if 

a model system were usedj and it seems entirely out of the 

question to optimize a full scale tank system empirically. 
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Part C, by achieving its goal to a considerable degree, 

gives the capacity limitations of the system greater importance 

thereby.    These limitations and other practical questions are 

discussed in the following Part D. 

,% 
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greater effectiveness (for a given capacity). It appears that tank systems using 
inertia effects, may be as rapid in response as any other known stabilization 
.systems. Results indicate that as long as the system's capacity is not eireeedect, 
It should be possible to achieve greater than 90% stabill.zation. The three factors 
in ship st;abilization: regulated elements; regulating elements; and the input, are 
discussed· In' 1Jlfn, using appropriate servo methods and concepts. This provides 
consi.derabie groqn95 ior believing thai high-periormance stabilization systems 
using tanks (and presllm~ly other devices) can be achieved. It shows rational 
techniques by which such stabilization systems may be designed, and indirecUy 
it emphasizes inherent difficulties in design procedures which do not uWize 
servo techniques. 




